
ASC2014-1EOr1C-02 
 

1 

Characterization of MgB2 Superconducting Hot 
Electron Bolometers 

 
 D. Cunnane, J. H. Kawamura, M. A. Wolak, N. Acharya, T. Tan, X. X. Xi, and B. S. Karasik 

 
 
 

Abstract— Hot-Electron Bolometer (HEB) mixers have proven 
to be the best tool for high-resolution spectroscopy at the 
Terahertz frequencies. However, the current state of the art NbN 
mixers suffer from a small intermediate frequency (IF) 
bandwidth as well as a low operating temperature. MgB2 is a 
promising material for HEB mixer technology in view of its high 
critical temperature and fast thermal relaxation allowing for a 
large IF bandwidth. In this work, we have fabricated and 
characterized thin-film (~ 15 nm) MgB2-based spiral antenna-
coupled HEB mixers on SiC substrate. We achieved the IF 
bandwidth greater than 8 GHz at 25 K and the device noise 
temperature < 4000 K at 9 K using a 600 GHz source. Using 
temperature dependencies of the radiation power dissipated in 
the device we have identified the optical loss in the integrated 
microantenna responsible as a cause of the limited sensitivity of 
the current mixer devices. From the analysis of the current-
voltage (IV) characteristics, we have derived the effective thermal 
conductance of the mixer device and estimated the required local 
oscillator power in an optimized device to be ~ 1 µW.  
 

Index Terms—Hot Electron Bolometers, MgB2, 
Superconducting Devices, Terahertz Mixers  
 

I. INTRODUCTION 
UPERCUNDUCTING HOT ELECTRON BOLOMETERS (HEBs) 
are the best choice for high-resolution spectroscopy in the 

far-infrared regime [1]. While there exist direct detectors with 
sensitivity far beyond the quantum noise limited mixers, 
heterodyne instruments allow for superior spectral resolution 
of λ/Δλ ≈ 106-108 which is important for understanding 
chemical processes in star forming molecular clouds. SIS 
mixers have been shown to have sensitivity just a few times 
higher than the quantum limit, and have no bandwidth 
limitations due to small inherent time constants. They are, 
however, limited to frequencies below that set by the 
superconducting gap ∆, of the materials used. The cut-off 
frequency in practical SIS mixers does not exceed 1.3 THz 
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[2], and beyond this, only HEBs have shown any promise. 
Hershel HIFI was a good example of HEBs exceeding the 
limitations of other detectors by scanning the galactic center 
(GC) for the CII line at 1.9 THz [3]. The state of the art HEB 
technology uses NbN films as thin as 3.5 nm [4]. While this 
technology is fairly mature, there are still some serious 
limitations which, if exceeded, could significantly benefit 
future FIR missions. The critical temperature, Tc, of NbN thin 
films ranges from about 9-11 K which limits operation to 
around 4.2 K. A combination of the electron-phonon time, τe-

ph, and the phonon escape time, τes, sets the fundamental limit 
for the intermediate frequency (IF) bandwidth. In the case of 
NbN, the IF bandwidth is generally of the order of 3 GHz [5] 
and while such a bandwidth is sufficient for spectroscopic 
studies of the GC at frequencies of 1.9 THz, Doppler 
broadening at this distance would mean that 7-8 GHz of 
bandwidth would be required for the same velocity span at the 
4.7 THz OI line.  

MgB2 has a higher critical temperature than NbN which 
implies a stronger electron-phonon interaction and a much 
shorter electron-phonon time constant and potentially larger IF 
bandwidth. The basic metallic structure has two 
superconducting gaps [6] which should not have a significant 
impact on the performance of an HEB made with MgB2 films 
given the fact that HEB mixers operate in the resistive state 
when the gap is heavily suppressed. Indeed, some initial work 
has been done describing the potentially high performance of 
MgB2 mixers [7-9]. The main issue in the past was the 
difficulty in developing ultrathin films with high critical 
temperature for HEB fabrication, necessary because the 
effective time constant which establishes the IF bandwidth is 
highly dependent on the film thickness d, thus indicating the 
dominating role of the phonon escape process in the 
temperature range of 10-40 K (τes ~ d). 

The hybrid physical-chemical vapor deposition (HPCVD) 
method of growing MgB2 films has produced the highest 
quality films in the world [10]. The high pressure-high 
temperature process grows epitaxial films on SiC substrates 
with superconducting properties better than in the bulk 
material. It has been shown that these films can maintain good 
superconducting properties even at film thicknesses around 10 
nm [11]. The island growth of HPCVD grown MgB2 films, 
however, limits their thickness to around 7-8 nm [12]. 

In this work, we have developed a fabrication process for 
spiral antenna-coupled devices and done characterization of 
these devices for varying bath temperatures and pumping 
frequencies. We have shown that MgB2 mixers have a 
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behavior qualitatively similar to that in the state of the art NbN 
devices using DC measurements as well as with LO pumping 
at 0.6, 1.6, and 2.5 THz. The IF bandwidth was measured as a 
function of temperature using monochromatic mixing at 600 
GHz. The mixer gain bandwidth value in excess of 8 GHz has 
been obtained which is a remarkable advance in HEB mixer 
technology. In addition, the noise temperature was measured 
and the optical loss of the receiver setup was analyzed. 

 
FIG. 1 HERE 

II. EXPERIMENTAL 
 

A. Fabrication Process 
 

The fabrication process began with the deposition of MgB2 
using the HPCVD process. The development of this film 
process is described elsewhere [11]. For this work, films 
ranged in thickness from 10-25 nm on semi-insulating 6H- 
SiC substrate. The substrate has been tested for THz 
transparency using Fourier transform spectroscopy and was 
found to be nearly lossless in the regions of interest for this 
work [13]. The films were then passivated using SiO2.  

After a bilayer film was obtained, UV lithography was used 
to define the HEB bridges and reactive etching in CHF3 was 
used to remove the unprotected SiO2. The deposition of the 
passivation layer was not done in situ with the MgB2 
deposition, so there was always some native oxide present, 
which impedes direct contact to the superconducting layer. To 
try to avoid this issue, ion milling was used to remove the 
oxide layer and a 150 nm-thick Au layer was deposited using 
e-beam evaporation. It has been shown before [14] that an in 
situ ion milling etch is required before a metal deposition to 
obtain good conductance through the interface. Although not 
currently established, this pre-cleaning process will be utilized 
in the next phase of our continuing development effort. The 
antenna was then defined using UV lithography. At this point, 
there was photoresist mask protecting both the antenna and the 
bridge as the resist from the bridge definition was left intact. 
Ion milling was then used to mill the unprotected areas all the 
way down to the substrate. At the end of this step, we were left 
with a bilayer structure for both the antenna and the bridge. 
The antenna consists of the thin MgB2 layer and the thicker 
Au layer, while the bridge consists of the thin MgB2 layer, still 
protected by the original SiO2 passivation layer. 

The wafers were 1.5 cm × 1.5 cm, which yields nine 3 mm 
× 3 mm devices of spiral antenna-coupled, twin-slot antenna-
coupled, and dc test chip configurations. All data presented in 
this work are from 4 different spiral antenna-coupled devices. 
Table 1 describes the parameters of the particular mixers, all 
from different chips, reported in this work. The large variance 
in device properties is an ongoing investigation and is thought 
to be caused by intergrain connectivity issues associated with 
the HPCVD growth process [11]. Figure 1 shows an optical 
image of device #1. 
 

B. Measurement Configuration 
 

Measurements were carried out in an Infrared Laboratories 
cryostat with a Mylar optical window. As in a typical quasi-
optical (QO) setup, samples were mounted on a Si lens and 
installed onto a mixer block. A cryogenic low noise amplifier 
(LNA) with the noise temperature TA ≈ 5 K as well as a room 
temperature amplifier were both used in the IF line. The 0.5-
11 GHz bandwidth of amplification was limited by the LNA. 
A 5 mil Mylar sheet was used to thermally isolate the mixer 
block from the 4.2 K stage. This increases the minimum 
temperature to around 9-11 K but allows for heating of the 
sample up to Tc in the MgB2 film without excessive boil-off of 
the liquid helium. The device was biased using a custom-
designed bias circuit.  

 
FIG. 2 HERE 

 
The devices were irradiated using either a 600 GHz solid 

state frequency multiplier source or an optically pumped FIR 
gas laser with strong lines around 1.6 and 2.5 THz. A 
schematic of the setup for noise temperature measurements is 
shown in Fig. 2 where a Mylar beam splitter is used to couple 
the high frequency source with the hot/cold loads. In the case 
of mixing measurements, to determine the IF bandwidth, two 
600 GHz multipliers were used and the thermal radiation load 
was replaced with the additional multiplier source. The 
coupling of the radiation source to the mixer varies from about 
2-20% of the incident power when loss due to the windows, 
beam splitter, and reflection from the lens are taken into 
account. The lower number also includes a 50% loss due to 
the polarization mismatch between the spiral antennas 
(circular polarization) and the solid-state sources (linear 
polarization) and poor coupling efficiency due to impedance 
mismatch of the device with the antenna. Typically, 
impedance matching is done by designing bridges to have 
normal resistance, Rn, of about 75 Ω. Currently, work is 
ongoing to tune the resistivity so that the smallest area device 
be well impedance matched to the antenna. This will minimize 
the device volume and hence the necessary LO power, which 
may be somewhat higher than in NbN devices due to the 
larger change in electron temperature needed by pumping and 
larger effective thermal conductance at high temperature. 
While the large resistivity of NbN requires about 1/10 of a 
single square for proper impedance matching, MgB2 has much 
lower resistivity, so a few squares, or even a single square 
could have the desired impedance. When submicron MgB2 
devices are fabricated, this will reduce the overall device 
volume by several times over NbN mixers. Since LO power is 
directly related to the HEB volume, this would correspond 
directly to a reduction in LO power required for optimal 
pumping. This is important, as LO technology is still limited 
above 1 THz with frequency multiplier based solid-state 
sources only reaching ~ 10 µW. 
 

FIG. 3 HERE 
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III. RESULTS & DISCUSSION 
 

A. Superconducting Gap Frequency and RF Loss 
 

Although the exact superconducting gap frequency, fΔ,,  
responsible for the radiation absorption may not be single 
valued, but rather a distribution due to the two gaps in MgB2 
[6], we were interested in finding some effective fΔ to be used 
to approximate the gap for better understanding of the thin-
film HEB devices. There were two ways we found to estimate 
the effective fΔ. The first was to simply compare device 
characteristics when pumping with radiation of different 
frequencies. When above fΔ, LO pumping should have a 
depairing effect on the IV characteristic similar to the uniform 
heating of the entire device, while below fΔ, there should be 
mostly a non-uniform heating of electrons in the normal 
regions of the current-driven resistive state. The former effect 
leads to a gradual suppression of the critical current whereas 
the latter effect would be a gradual increase of the resistance 
in the resistive state while maintaining a very sharp current 
switching to the resistive state. The crossover between these 
two effects was previously observed in NbN [15, 16]. 

The discrete spectral lines available using the gas laser did 
not allow for a precise determination of fΔ, but rather provided 
a frequency range. The IV curves for several different 
temperatures and pumping levels of device #2 are shown in 
Fig. 3. It is evident that pumping the mixer at 2.5 THz is 
equivalent to uniform heating because the IV curves compare 
very nicely to un-pumped IV curves at elevated bath 
temperatures. The pumping from a 1.6 THz source seems to 
occur in the “sub-gap mode” as the IV curve maintains sharp 
features, even when Ic is reduced to about half that of the low 
temperature Ic (purple plot with open circles in Fig. 3). This 
implies that the gap frequency around 10 K is somewhere 
between 1.6 and 2.5 THz.  

The IF output power of device #3 is shown in Fig. 4. The 
curve with many sharp peaks (black squares) is from an un-
pumped device and the smooth single peak (red circles) is 
from the same device pumped using a 2.5 THz LO. The sharp 
peaks of the un-pumped curve could be either of two 
anomalies. The first is that we are simply seeing many regions 
of the superconductor switch to the resistive state. Each peak 
represents a switch at that particular voltage. The other reason 
for the peaks could be some inter-grain weak links. In this 
case the peaks would represent a resonant frequency 
associated with a specific voltage by the AC Josephson effect. 
More investigation of this effect is necessary as weak links are 
undesirable in the HEB application. For the pumped state, it is 
evident from the sharp change of slope in IF power around 2 
mV, that the pumping at 2.5 THz may not be a completely 
thermal effect for this device, which may be a result of a larger 
fΔ due to the thicker film. The inset shows the respective IV 
curves from this device. The quasi-thermal effect of pumping 
at 2.5 THz may imply that it is near the value of fΔ for this 
material at 9 K, that is, the material exhibits low radiation loss 
at, e.g., 600 GHz (f < 2.5 THz). 

 
FIG. 4 HERE 

 
FIG. 5 HERE 

 
The other method for determination of fΔ takes advantage of 

the fact that we have poor contact between the MgB2 and Au 
in the bilayer antenna structure. By measuring the absorbed 
radiation by the mixer and comparing it to the expected 
incident radiation at different temperatures, the temperature 
where the radiation frequency exceeds fΔ(T) can be found. In 
this case, the frequency of the LO was 600 GHz. If the thin 
MgB2 superconducting layer in the antenna contributes to any 
loss, there should be at least some temperature dependence 
associated with that loss.   

The data presented in both Fig. 5 and Fig. 6 are taken by 
calculating the Joule power, PJoule, of IV curves for device #4 
at different temperature intervals. Taking the dissipated Joule 
power along a constant resistance line (where the electron 
temperature is presumed constant) for both un-pumped and IV 
curves pumped by a constant LO can be used to estimate the 
absorbed power by the mixer. Choosing different constant 
resistance lines can vary the results by about a factor of 2, but 
we are only looking for some temperature dependent loss, and 
so the exact value is not needed. A constant resistance line 
which is half the device normal resistance was used.  

 
FIG. 6 HERE 

 
Figure 5 shows the absorbed power measured in this way as 

a function of temperature. The dashed line is a guide for the 
eye. It is evident from the plot that there is a step at 25 K 
where absorbed power is reduced by a factor of two. It can be 
speculated that at this temperature, fΔ is reduced below 600 
GHz. While the measured absorbed power ranges from 4-8 
µW, the expected incident power including all loss factors 
should be around 95 µW. The fact that we see some dominant 
temperature dependence in the loss implies that the radiation is 
confined to the thin superconducting layer. The order of 
magnitude or so of loss could easily be expected from such a 
thin superconducting layer, as the 10 nm film is much thinner 
than the penetration depth of MgB2 [17]. Additional 
experiments which utilize a thick MgB2 layer under the 
antenna are currently being carried out to verify this while the 
contact issue is yet unaddressed. It may be possible to utilize a 
thick MgB2 antenna even for frequencies above the gap 
frequency as the resistivity of MgB2 is very low and may be 
comparable to a normal metal antenna [18].  

 

B. Required LO power 
 

Figure 6 shows PJoule for device #4 at different 
temperatures. The data fits well to the heat balance equation: 

 
𝑃𝑃𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 = 𝑉𝑉Σ(𝑇𝑇𝐶𝐶𝑛𝑛 − 𝑇𝑇𝑛𝑛) 
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Where V is the device volume and Σ and n are material 
constants. In this case, it fits well for n = 2.93. The value 
found for Σ ~ 1 kW/(cm3 K2.93) is noticeably lower than that 
derived for an apparently more robust 20 nm thick device in 
[13]. In any case, the data implies that the necessary LO power 
for an optimized mixer device (0.5 µm × 0.5 µm × 6 nm) may 
be about 1 µW or less assuming an electron temperature 
increase from 25 K to 36 K. 

FIG. 7 HERE 

C. IF Bandwidth 
 

A major figure of merit for HEB mixers is the IF 
bandwidth. Not only is Doppler broadening of the higher THz 
lines a major issue, but the tunability of LO sources at these 
high frequencies is significantly reduced. It has already been 
shown that MgB2 HEBs have an increased IF bandwidth both 
for MBE grown films [9], as well as HPCVD grown films 
[13]. In this work, we looked at the bandwidth as a function of 
temperature. Figure 7 shows the IF output signal as a function 
of the intermediate frequency for measurements taken at 
different temperatures for device #2. The bias point of these 
curves was 2 mV at 9, 15, and 20 K and 1 mV at 25 K. In 
order to ensure equal LO power at all frequencies, the device 
was well under-pumped to allow data points at frequencies 
where the LO was lacking in power. Although this would 
significantly influence the sensitivity of the device, it has no 
impact on the time constants responsible for the IF bandwidth. 
The fittings are used to establish the cutoff frequency, which is 
given in each plot. One can see that mixing in the device is 
easily measured up to 25 K. It may even be possible to exceed 
this result, but the measurement set-up is not currently 
optimized to perform such experiments at higher temperatures. 
In the future, a cryocooler will be set up so that measurements 
can be taken all the way up to the Tc of the film. The question 
does remain as to whether the sensitivity of the device, once 
well established, will degrade with increased bath 
temperatures. For NbN devices, it has been shown that device 
sensitivity (noise temperature) remains nearly constant all the 
way to about 0.8Tc [19]. If this rule of thumb is applicable in 
MgB2 HEBs, one can expect a low-noise operation up to 30 K. 

It has been shown that the bandwidth in thin-film MgB2 
HEBs devices is related to the film thickness [7, 13]. The 
thickness effect ovserved in our devices [13] is likely due to 
the acoustic phonon escape bottleneck in the net heat flow 
from the hot-electrons to the substrate. The device under study 
is made from 15 nm-thick film, so moving to devices made 
from 10 nm film could already achieve close to 10 GHz of 
bandwidth. We have found recently that films can be etched 
even thinner, down to 6 nm, without any loss in the 
superconducting properties, which will increase the bandwidth 
even further. Results from that experiment will be published 
elsewhere.  

Figure 8 shows a plot of the calculated mixer time constant, 
τm, as a function of temperature. The fit shows a linear 
dependence on temperature. The dashed line indicates 0.8Tc 
for this device. It would imply that a similar device with good 

sensitivity may operate at as high as 29 K with a bandwidth of 
9 GHz. Note, this temperature dependence is not due to the τe-

ph (T) ~ T -k (k ≥ 1) dependence (currently unknown) alone but 
rather an outcome of the combination of several processes 
(including electron-phonon interaction and acoustic phonon 
escape) as described by the Two-Temperature Model [20], as 
well as self-heating effects. When more results become 
available a comprehensive numerical analysis may yield 
information on τe-ph and τes, similar to how it was done for 
NbN films [4, 21]. 

 
FIG. 8 HERE 

 

D. Noise Temperature 
 

The mixer noise temperature was measured by comparing 
the IF output power for a 77 K radiation load with a room 
temperature load. Figure 9 shows the IF power as a function of 
bias voltage for device #2. This data was taken at 600 GHz. 
The system bath temperature was 9 K and the IF output was 
bandwidth limited (~ 300 MHz) at 2.2 GHz to ensure that the 
amplifiers are well within their dynamic range. The minimum 
noise temperature obtained from this curve at a bias voltage of 
1.7 mV was 3,900 K. This is several times greater than the 
current state of the art and is well explained by the amount of 
rf loss seen when measuring the incident power vs absorbed 
power (see Fig. 5). Hopefully, the noise temperature will be 
significantly improved as soon as the issue of poor contact 
between MgB2 and Au is resolved or a device is integrated 
with a thick-film MgB2 antenna. 
 

FIG. 9 HERE 
 

IV. CONCLUSION 
 

In summary, we have developed a process to fabricate 
MgB2 HEBs utilizing HPCVD grown films. We have 
characterized these devices at dc as well as using 0.6 THz, 1.6 
THz, and 2.5 THz radiation. The devices have a Tc around 36 
K and have been shown to operate up to 25 K. We have found 
that the IF bandwidth of these devices far exceeds the state of 
the art NbN devices with a maximum bandwidth to date of 8.6 
GHz. Although noise temperature of our MgB2 devices is not 
yet to the level of NbN devices, it is within a reasonable limit 
considering the large optical loss in the current design. It is 
believed that when this issue is rectified the sensitivity of 
these devices will rival the state of the art. In the near future, 
we hope to show improved sensitivity of MgB2 HEB mixer at 
2.5 THz and at increased bath temperatures. 
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Fig. 1. Optical image of spiral antenna device #1 with bridge dimensions of 6 
μm (L) × 4 μm (W) × 20 nm (T). 
 

 
Fig. 2. Schematic diagram of noise temperature measurement setup.  

TABLE I 
MIXER DEVICE CHARACTERISTICS 

Device # 
Film 

Thickness 
(nm) 

Bridge Size (μm) 
Length x Width Tc (K) Rn (Ω) 

1 20 6 × 4 38 4 
2 15 4 × 4 33 50 

3 20 4 × 4 38 5 
4 10 3 × 2 35 42 
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Fig. 3. IV curves of device #2 without LO pumping at different temperatures 
(closed symbols), 1.6 THz pumping at 9 K (open symbols), and 2.5 THz 
pumping at 9 K (no symbols). 

 
Fig. 4. IF power spectrum as a function of voltage bias for device #3 without 
LO (black squares) and pumped with 2.5 THz (red circles) at 9 K. There is a 
narrowband IF filter at 2.2 GHz. Inset shows the IV curves of the device both 
pumped and unpumped. 
 

 
Fig. 5. Measured absorbed power in device #4 shown as a function of 
temperature. Power is taken to be the difference in PJoule between a pumped 
and unpumped IV curve at the same temperature. 

 
Fig. 6. PJoule of device #4 measured along a constant resistance line fitted to 
the heat balance equation.  
 

 
Fig. 7. Relative IF signal as a function of the IF frequency at temperatures of 
9, 15, 20, and 25 K for device #2. 

 
Fig. 8. The effective time constant for a MgB2 HEB mixer as a function of 
temperature with a linear fitting. Dashed line indicates 0.8Tc, above which the 
mixer may have reduced sensitivity. 



ASC2014-1EOr1C-02 
 

7 

 
Fig. 9. IF output power (lines) and noise temperature (black squares) as a 
function of the mixer bias voltage. Inset shows the pumped and unpumped IV 
characteristic. 
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